separation process. Furthermore, involved in bulk solid-handling operations, the crystallization separation processes are generally tedious and time-consuming. 13 Liquid-liquid extraction is seen as an alternative technology to overcome the deficiencies of chromatography and crystallization, while the currently available extraction systems comprising conventional chiral extractants are still subjected to poor efficiency and all require to be handled at quite frigid temperature, which means intensive energy consumption.
Without doubt, there is a great demand to develop high-efficient and environmentally benign separation process for amlodipine racemate.
Chiral ionic liquids (CILs) are a subclass of ionic liquids, in which the cation, anion or seldom both may be chiral. CILs are of importance due to the unique chiral recognition capability they exhibit, 14, 15 besides other glaring merits inherited from ionic liquids such as low volatility, good chemical stability and excellent solubility. 16 Moreover, CILs are proposed as designable chiral media, because their properties can be finely tuned by modifying the type and composition of the ion pairs for different tasks to increase the separation efficiency. 17 Owing to the favorable advantages, CILs are widely used in diverse separation processes, [18] [19] [20] especially their application in enantioselective extraction became an important issue in research in recent years. A pioneering work to separate phenylalanine racemate through chiral ligand-exchange liquid-liquid extraction using Cu 2+ modified amino acid ionic liquid (AAIL) done by Tang et al achieved an excellent enantiomeric excess value reaching up to 50.6% in single-stage extraction. 21 In other relevant research, the separation efficiency was further improved by introducing tropine-based cation into the AAIL. 22 Despite these results show that CIL-based extraction is a very promising chiral separation technology, the difficulty in This article is protected by copyright. All rights reserved.
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further recovery of the products from the metal ligand still remains to be a problem. 21 More importantly, metal contamination on products especially pharmaceuticals may become a critical hurdle to limit the industrial application of CILs. An effective way to overcome the defects of chiral ligand-exchange extraction is to exploit the chiral recognition capabilities of CILs directly without the use of coordinated metals, 23 which meanwhile sets higher requirement for the configuration and chemistry of CILs to match specific chiral compound and has rarely been reported. Considering in some discussions earlier, quantum chemistry calculation has been successfully used to investigate the structure-function relationship of
CILs and predict their performance in extraction separation of phenolic homologs, 24 we are inspired to expect that this approach may also provide guidance to the selection of CIL for enantioselective extraction. Despite other computational methods such as conductor-like screening model (COSMO) calculation is available to predict behaviors of ionic liquids in complex systems by considering the charge distribution on molecular surfaces, 25, 26 it's not applicable to discriminate optical isomers in this work as the difference in charge distributions between molecules only differing in conformations is usually very slight. 27 With the aim to create a high-performance and green separation process for amlodipine, we report an experimental research combined with quantum chemistry calculations to develop a CIL-based liquid-liquid extraction system in this work. AAILs derived from natural amino acids were chosen for investigation as they were low-cost and biodegradability. 21, 28 A pre-screening of AAILs was carried out by quantum chemistry calculation, and the predictive capability of the theoretical calculations was further validated by experimental data. The impacts of organic solvent, solution pH, concentration of the This article is protected by copyright. All rights reserved.
substrates and extraction temperature on the separation efficiency, along with the recycling of AAIL were systematically investigated. It is prospected the approach proposed in the present work may extend the application of CILs in chiral separations.
Methods

Quantum chemistry calculation details
Quantum chemistry calculations in this work were performed with Gaussian 16 software. 29 The hybrid Becke 3-Lee-Yang-Parr (B3LYP) exchange-correlation functional 30 and the density functional theory (DFT) 31 with 6-31+G(d,p) basis set were employed. And dispersion-corrected 32 DFT at B3LYP-D3/6-311+G(d,p) level of theory is also applied to determine the reasonable geometries. No constraint was applied to the geometry optimizations and all optimized geometries were verified as local minimums on the potential energy surface by vibrational frequency calculations. The geometries of amlodipine enantiomers, anions and cations of AAILs were produced by optimization and modification based on the previously published configurations. [33] [34] [35] [36] The optimization of ion pairs was done by placing the anions at different positions around the cations to construct different initial conformations and then optimizing them respectively. Conformation with the lowest energy was taken as global minimum for the AAIL. The initial conformations of amlodipine-AAIL complexes were constructed based on the molecular electrostatic potentials of the enantiomers and the ion pairs. Subsequently, the global minimums of all complexes were explored by geometry optimizations on these initial conformations. Interaction energies between amlodipine enantiomers and AAILs were calculated and corrected by basis set superposition errors (BSSE) obtained by the counterpoise procedure method 37 and zero-point energies (ZPE) obtained within the harmonic approximation. To get further insight into the interactions, atoms in molecules (AIM) analysis was also performed for the optimized amlodipine-AAIL complexes by AIMALL program.
38
Chemicals and analytical method
Racemic amlodipine was purchased from Dalian Meilun Biotech Co. Ltd (Liaoning, 
Extraction and backward extraction process
In this work, all AAILs were diluted before use, as the pure AAILs were highly viscous near room temperature. The aqueous phase was prepared by dissolving a known amount of AAIL into NaAc/HAc buffer solution, and the organic phase was prepared by dissolving racemic amlodipine into halohydrocarbon or aliphatic alcohol. The aqueous phase and the organic phase at the same volume were put together into a shake flask, shaken isothermally at 220 rpm for 3 hours when the extraction equilibrium has already been achieved as shown in to all organic solvents used in this work were almost immiscible with water, the concentration of amlodipine in the aqueous phase could be determined by mass balance method. [39] [40] [41] All experiments were repeated at least three times and the errors in distribution coefficients were less than 5%. The distribution coefficient and enantioselectivity were calculated by the following equations,
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where C So and C Ro , C Sa and C Ra refer to the concentration of (S)-amlodipine and (R)-amlodipine in the organic phase, concentration of (S)-amlodipine and (R)-amlodipine in the aqueous phase, respectively. D S and D R refer to the distribution coefficients of (S)-amlodipine and (R)-amlodipine, and α refers to the enantioselectivity.
To assess the mutual solubility between AAIL and organic solvent during the extraction process, blank extraction experiments were conducted. All experimental conditions were kept the same as mentioned above, except that amlodipine racemate was not added to exclude the interference for detection. After phase equilibrium had been reached, the content of AAIL in the organic solvent was determined on a 752PC UV-vis spectrophotometer (Shanghai spectrum, China). The results show that AAIL dissolved in the organic solvent is negligible. This article is protected by copyright. All rights reserved.
Results and Discussion
Hunting AAILs for the separation of amlodipine by quantum chemistry calculations
In this work, the candidate AAILs are generated by combining the imidazolium cations In the optimized geometry of (S)-amlodipine- [Bmim] [Glu] (Figure 3b ), interaction between the γ-carboxyl of Glu -and the amino group of (S)-amlodipine, and that between the side chain of Bmim + and the carbonyl oxygen atom O 31 of the enantiomer can still be found.
Nevertheless, due to the steric effect between the chlorphenyl group of (S)-amlodipine and energy difference between ΔE R and ΔE S represents a more significant discrepancy between the stabilities of (S)-amlodipine-AAIL and (R)-amlodipine-AAIL complexes, which is more beneficial to the separation.
We also calculated the interaction energies based on amlodipine-AAIL complexes (Supplementary Figure 8-13 ) optimized at B3LYP-D3/6-311+G(d,p) level, and the results are summarized in Table 1 nearly doubled compared to that calculated on B3LYP/6-31+G(d,p) level, and is more significantly higher than for other AAILs, highlighting its potential superior enantioselective recognition capability for amlodipine racemate. 
Validation of quantum chemistry calculations
As is mentioned earlier, quantum chemistry calculation has been successfully used to predict the phase behavior of phenolic homologs in CIL-based extraction systems. 24 However, as far as we know, there is still no report about the predictive capability of quantum chemistry calculations on the separation of chiral compounds using CILs. Therefore, it is necessary to validate whether the computational approach would be fit for the enantioselective systems with experimental data.
On this account, a series of biphasic systems comprising different AAILs were constructed to experimentally test the chiral recognition capabilities of these chiral extractants. The resulting distribution coefficients and corresponding enantioselectivities are displayed in Figure 4a . is employed, the distribution coefficient of (R)-amlodipine turns out to be higher than that of (S)-amlodipine, and enantioselectivity below 1 is observed, because of its unique preferable recognition effect for (S)-amlodipine. exhibit opposite recognition effect to each other is mainly attributed to the difference in their lengths of carbon chains in the cations, which greatly influences the steric effect between the ion pairs and the enantiomers, thus leading to distinct amlodipine-AAIL complex conformations ( Figure 1, Supplementary Figure 3) . In the other two Phe --based AAILs containing systems, the distribution coefficients of (R)-amlodipine are very close to those of (S)-amlodipine, revealing these AAILs exhibit very poor chiral recognition abilities for amlodipine. From the results summarized in Table 2 , it can be seen the distribution coefficients of 
Influence of solution pH on the enantioselective extraction of amlodipine
For this part, n-decanol-buffer/[Bmim][Glu] system in which the aqueous solutions were weakly acid with pH values ranging from 3.5 to 6.0 was used to investigate the effect of solution pH on the enantioselective extraction process. The distribution coefficient and enantioselectivity were plotted versus the pH of the aqueous solution in Figure 5 . Apparently, the distribution coefficient shows a strong dependence on acidity. The increase in solution pH results in a continuous growth in distribution coefficients for both enantiomers. Amlodipine is known as a weak alkaline compound and its pKa is equal to 8.6. 47 In aqueous solution, it could exist in either a molecular form or a cationic form depending on the deprotonation and protonation behavior of the primary amino group. According to the following Henderson-Hassaelbach equation,
when the pH value is improved, the percentage of monomers in molecular form increases gradually, implying more amlodipine monomers are ready to dissolve in the organic phase.
For this reason, the variation in distribution coefficients of amlodipine is estimated to be
Accepted Article reasonable.
The buffer solution pH also greatly affects the enantioselectivity. When the solution pH is in the range of 3.5 to 5.5, the enantioselectivity grows continuously and reaches its maximum at pH=5. 5 . However, further increase in solution pH brings about a severe decrease in enantioselectivity, and it drops to only 1.06 when the pH is 6.0. Actually, along with the rapid increase in distribution coefficient, the amount of amlodipine in the aqueous phase declines very quickly, and the concentration of amlodipine at pH=6.0 equals only nearly half of that at pH=5. 5 . The extra low concentration of amlodipine under increased pH would impair the interactions between the enantiomers and AAIL so that the dramatic decrease in enantioselectivity is observed. From above, it can be concluded that the solution pH has a great effect on the extraction process by influencing the existence form of amlodipine monomers, and pH=5.5 would be appropriate for the separation process.
Influence of the concentration of AAIL on the enantioselective extraction of amlodipine
To investigate the influence of the concentration of AAIL on the extraction efficiency, 
Influence of temperature on the enantioselective extraction of amlodipine
In general, temperature is an important factor influencing the separation efficiency of chiral extraction process. Lower temperature is usually more beneficial to improve the enantioselectivity because interactions between chiral extractants and target molecules usually get weakened under higher temperature, and the chiral recognition effect will be impaired as a result. 40, 49 For this reason, the previously proposed methods for the extraction of amlodipine using conventional extractants such as cyclodextrin and tartaric acid temperature proves the present system is conducive to energy saving and consumption reducing.
Recycling of [Bmim][Glu]
The recycling of ionic liquids is important for developing an economic and environmentally benign separation process. In this work, the recycling of The performance of the reused [Bmim] [Glu] containing aqueous phase within 5 cycles is shown in Figure 9 . Compared to extraction process using fresh aqueous phase, the enantioselectivity obtained with the regenerated aqueous phase declined a little bit. A reasonable explanation to the phenomenon is that the regenerated aqueous phase is saturated with n-decanol, which may subtly influence the phase equilibrium. It was also confirmed by an additional controlled extraction experiment in which a n-decanol pre-saturated 
Conclusions
In this work, a novel enantioselective liquid-liquid extraction system comprised of n-decanol, NaAc/HAc buffer solution and AAIL was proposed for the separation of amlodipine. Quantum chemistry calculations were carried out to give a pre-screening to the This article is protected by copyright. All rights reserved.
Accepted Article
